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CHAPTER  I 


INTRODUCTION 


1.1.  Objective  of  the  Present  Study 

Optimum  performance  of  microwave  solid-state  circuits  requires  accurate 
knowledge  of  the  device  network  parameters  as  a  function  of  frequency  and 
excitation  level.  One  method  of  obtaining  this  information  is  by  device  charac¬ 
terization,  where  the  device  network  properties  are  measured  directly.  Device 
modeling  relates  the  characterization  information  into  equivalent  circuits  useful 
for  better  understanding  and  more  accurate  prediction  of  the  device  behavior. 
The  characterization  of  nonlinear  devices  is  particularly  difficult  since  the  device 
cannot  be  described  by  simple  relationships  among  the  device  terminal  quantities. 

For  years,  information  about  two-port  networks  was  obtained  exclusively 
from  small-signal  measurements.  The  circuit  designer  used  the  small-signal 
S-parameters  to  design  large-signal  circuits  by  first  determining  the  load  at  one 
port  using  the  small-signal  device  information,  and  then  using  either  a  cut-and- 
try  method  or  simple  measurement  to  match  the  load  at  the  other  port.1-5  For 
nonlinear  devices  such  as  BJTs  (Bipolar  Junction  Transistors)  and  FETs  (Field 
Effect  Transistors),  small-signal  S-parameters  cannot  satisfactorily  describe  the 
device  nonlinear  performance  nor  can  they  provide  necessary  information  for 
designing  any  circuit  operating  under  large-signal  conditions.  A  number  of 
approaches  are  available  to  overcome  the  difficulties  caused  by  the  nonlinear 
behavior  of  these  devices.  One  such  method  is  the  load-pull  technique.6- n 


The 


load-pull  measurement  employs  separate  tuning  circuits  at  the  input  and  the 
output  ports,  and  the  device  performance  is  recorded  under  variable  load  condi¬ 
tions.  Usually  the  load  at  the  input  port  is  kept  constant  to  reduce  measurement 
complexity  while  loci  of  load  impedances  for  a  constant  parameter  such  as  power 
or  efficiency  are  recorded.  This  process  is  very  tedious  since  each  load  has  to 
be  disconnected  for  measurement  of  its  impedance  value.  Because  the  load  at 
one  port  is  predetermined,  it  is  difficult  to  optimize  the  terminal  conditions  at  both 
ports.  An  optimum  design  requires  both  ports  to  be  optimized. 

Since  it  is  difficult  to  experimentally  characterize  a  nonlinear  network, 
efforts  have  been  made  to  establish  an  empirical  large-signal  device  model,  and 
to  use  this  model  in  circuit  design.11"16  Due  to  the  limited  amount  of  information 
that  can  be  obtained  by  measurement,  these  empirical  device  models  can  only 
approximate  the  device  characteristics.  Other  attempts  to  deal  with  the  large- 
signal  circuit  design  were  only  of  limited  success.  Rauscher17  modified  a  small- 
signal  device  model  and  used  it  for  designing  fixed  frequency  oscillators.  Rector 
and  Vandelin18  used  small-signal  S-parameters  In  combination  with  simple  meas¬ 
urements  to  predict  the  large-signal  FET  performance  for  oscillator  design. 
Mitsui  et  al.19,20  used  S-parameters  measured  at  high  power  levels  for  their  MES- 
FET  (MEtal  Semiconductor  Field  Effect  Transistor)  circuit  design.  Scanlan  and 
Young21  discussed  the  errors  introduced  by  using  simplified  linear  MESFET 
models,  but  did  not  offer  any  solution  to  reduce  these  errors.  Johnson22  used  the 
large-signal  measurement  results  obtained  with  50-fi  terminations  to  design 
MESFET  oscillators.  Although  all  these  papers  recognized  the  need  of  accurate 
knowledge  of  large-signal  properties  of  nonlinear  devices  to  design  amplifiers 
and  oscillators,  none  provided  a  good  characterization  method.  The  need  to 
establish  a  large-signal  characterization  technique  has  become  crucial  to 
improved  nonlinear  circuit  design. 


The  device  characteristics  are  functions  of  bias,  frequency,  power  levels, 
and  load  impedances.  Under  a  given  bias  and  frequency,  the  device  performance 
is  a  function  of  the  terminal  conditions  at  both  ports.  In  order  to  characterize  the 
device  accurately,  the  device  terminal  conditions  have  to  be  varied  during  the 
course  of  measurement  to  cover  the  entire  device  operating  range.  The  conven¬ 
tional  large-signal  measurement  using  a  50-0  system  characteristic  impedance 
as  the  termination  will  not  yield  the  necessary  information  in  designing  a  circuit 
where  the  load  is  most  likely  other  than  50  0.  A  two-signal  method,  as  reported 
by  Mazumder  and  Van  Der  Puije,23  was  an  initial  attempt  in  the  proper  direction  to 
characterize  nonlinear  devices. 

The  characterization  technique  presented  in  this  report  uses  two  coherent 
variable  amplitude  and  phase  signals  at  the  two  ports  of  the  network.  By  adjust¬ 
ing  the  magnitude  and  relative  phase  of  these  two  test  signals  and  injecting 
them  into  both  ports  simultaneously,  any  set  of  terminal  conditions  for  the  device 
under  test  can  be  established  and  are  readily  varied.  In  practice,  two  network 
analyzers  are  used  in  this  study  to  monitor  the  terminal  conditions  at  both  ports 
simultaneously.  The  measurement  results  give  the  available  power  and 
equivalent  load  impedance  at  each  port.  Such  information  is  essential  in  the 
design  of  any  solid-state  microwave  circuit  with  active  two-port  nonlinear 
networks. 

Although  accurate  device  information  can  be  obtained  through  large-signal 
characterization,  it  is  not  practical  to  make  such  measurements  each  time  the 
information  is  needed.  For  this  reason,  a  large-signal  device  model  is  useful 
because,  once  established,  it  can  predict  the  device  performance  accurately 
without  extensive  measurements.  Determining  such  a  large-signal  device  model  is 
an  important  part  of  this  study. 


1.2.  Investigations  Carried  Out 


1.2.1.  Large- Signal  Characterization  of  Nonlinear  Two-Port  Networks  In 
Chapter  II,  the  problems  of  characterizing  a  nonlinear  two-port  network  under 
large-signal  conditions  are  defined  and  the  proposed  solutions  are  discussed. 
The  implementation  of  this  characterization  technique  is  also  presented. 

In  order  to  characterize  a  nonlinear  two-port  network,  a  set  of  parameters 
which  can  uniquely  describe  the  network  must  be  identified.  A  set  of  incident 
and  reflected  wave  variables  are  used  to  establish  the  network  terminal  condi¬ 
tions.  The  characterization  procedure  is  developed  based  on  this  approach. 
Since  the  network  is  nonlinear,  the  stability  criteria  of  amplifiers  and  oscillators 
are  different  from  those  of  linear  networks.  Discussions  of  the  stability  of  two- 
port  amplifiers  and  oscillators  are  presented. 

To  realize  this  large-signal  characterization  technique,  a  measurement  setup 
controlled  by  a  desk-top  calculator  was  developed.  During  the  development  of 
the  measurement  technique  some  special  calibration  and  error  correction  prob¬ 
lems  were  encountered.  Such  problems  include  the  errors  caused  by  the  non¬ 
linearity  of  the  network  analyzer  measurement  system  and  the  calibration  to  the 
device  terminals.  Each  of  these  problems  is  discussed  and  the  solution 
presented.  The  characterization  procedures  are  presented  in  detail,  as  well  as 
the  calculations  of  all  relevant  device  terminal  parameters. 

1.2.2.  Analysis  of  Experimental  Results  The  characterization  results  and  their 
applications  are  presented  in  Chapter  III.  GaAs  MESFETs  were  used  as  the  two- 
port  device  for  large-signal  characterization.  The  MESFETs  were  measured  in  the 
common  drain  configuration  for  their  potential  use  in  a  simple  oscillator  configura¬ 
tion.  In  this  configuration,  the  device  can  be  used  as  an  oscillator  without  the 
need  of  additional  feedback. 


The  characterization  results  were  analyzed  for  the  design  of  common  drain 
MESFET  oscillators  including  applications  as  wideband  voltage  controlled  oscilla¬ 
tors.  A  single-frequency  oscillator  was  built  and  tested  to  verify  the  measure¬ 
ment  results. 

1.2.3.  Large-Signal  MESFET  Model  A  large-signal  MESFET  equivalent  circuit 
model  was  established  from  the  characterization  results.  In  this  model  the  non¬ 
linear  element  values  were  expressed  as  functions  of  the  device  terminal  RF  vol¬ 
tages.  To  improve  the  modeling  accuracy,  the  device  package  parasitics  were 
modeled  and  their  values  were  taken  into  account  during  the  calculation  of  the 
device  model.  It  is  possible  to  establish  the  device  model  without  extensive 
measurements.  This  model  facilitates  the  design  of  various  MESFET  circuits  and 
can  be  used  for  investigating  the  amplifier  and  oscillator  stability  criteria. 

1.3.  Summary 

The  theory,  measurement  procedures,  and  experimental  results  of  the  two- 
port  large-signal  characterization  technique  and  a  large-signal  MESFET 
equivalent  circuit  model  are  discussed  in  detail  in  the  following  chapters.  In  the 
final  chapter,  the  conclusions  of  the  study  and  suggestions  for  further  study  are 


CHAPTER  fl 


APPROACH  FOR  CHARACTERIZING  THE  SINGLE-FREQUENCY 
BEHAVIOR  OF  NONLINEAR  TWO-PORT  NETWORKS 


2.1.  Statement  of  the  Problem  and  Network  Description 

The  objective  of  characterizing  a  nonlinear  two-port  network  is  to  obtain 
the  optimum  operating  conditions  for  applications  such  as  in  power  amplifiers  and 
oscillators.  Previous  attempts  to  characterize  such  networks  were  only  of  limited 
success  because  such  characterizations  did  not  provide  enough  information 
about  the  nonlinear  networks.  23  24  A  nonlinear  two-port  network  can  be 
described  by  its  terminal  voltages  and  currents  as  shown  in  Fig.  2.1.  two-port 
network  can  be  described  by  its  terminal  voltages  and  currents.  The  purpose  of 
network  characterization  is  to  determine  the  relationships  among  these  terminal 
quantities.  At  microwave  frequencies,  it  is  more  convenient  to  express  the  ter¬ 
minal  conditions  in  terms  of  wave  variables,  because  the  wave  variables  are 
directly  related  to  the  incident  and  the  reflected  signal  power  levels  and  can  be 
readily  measured.  The  incident  wave  variables  at  ports  1  and  2  are  represented 
by  a,  and  az,  respectively,  while  6,  and  b2  represent  the  reflected  wave  vari¬ 
ables.  The  relationships  between  the  wave  variables  and  the  terminal  voltages 
and  currents  are  described  as  follows: 
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where  7,0  is  the  characteristic  impedance  of  the  measurement  setup. 

A  nonlinear  two-port  network  excited  at  each  port  by  independent  single¬ 
frequency  incident  wave  variables  a,  and  a;,  as  shown  in  Fig.  2.2  is  considered. 
In  general  the  response  to  the  test  signals  rz,  and  a2  generates  additional  har¬ 
monic  components.  An  ideal  bandpass  filter  is  presented  at  each  port  to  trap  all 
harmonic  frequency  components  such  that  the  measured  terminal  conditions  are 
at  the  fundamental  frequency  only.  The  dependent  reflected  wave  variables  b , 
and  6Z  at  the  same  frequency  depend  on  the  incident  wave  variables  and  are 
expressed  as 


&i  =  /  ,(a,,  a2) 


(2.5) 
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These  expressions  can  be  transformed  into  more  useful  quantities,  such  as  the 
reflection  coefficient,  at  each  port  as 


~  I°z!’  ?) 

“1 


(2.7) 


r2=  ~  =7z(l°i  i.  ■  l2>8) 

o2 

where  <p  Is  the  phase  between  d]  and  nz.  Since  the  reflection  coefficient  is  the 
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ratio  between  the  reflected  and  the  incident  wave  variables  at  that  port,  it  is  a 
function  of  the  magnitudes  of  the  two  incident  wave  variables  and  the  phase 
angle  between  them.  The  network  can  thus  be  characterised  by 
['j,  r2.  J  n ,  | .  |na|,  and  y.  The  reflection  coefficients  determine  the  load 
Impedance  at  each  port  while  the  wave  variables  are  closely  related  to  the  avail¬ 
able  or  dissipated  power  at  each  port. 

2.2.  Characterization  Procedure 

Many  previous  attempts  have  been  reported  to  characterize  the  large- 
signal  behavior  of  nonlinear  two-port  networks.  None  of  these  methods  could 
address  the  problem  correctly  nor  could  they  provide  satisfactory  results.  One 
such  method  is  the  load-pull  technique.  Load-pul!  measurements  require  the  ter¬ 
mination  of  one  port  while  the  other  is  measured.  Since  the  terminal  conditions  at 
two  ports  depend  upon  each  other  as  indicated  in  Eqs.  2.5  and  2.6,  the  loads  at 
both  ports  have  to  be  optimized  at  the  same  time.  This  is  difficult  to  achieve 
while  one  port  has  already  been  terminated  with  some  predetermined  load. 

Some  attempts  were  also  made  to  use  the  S-parameters  for  large-signal 
applications.  Z/>  As  S-parameters  only  characterize  linear  devices,  restrictive 
assumptions  must  be  made  in  order  to  use  these  parameters.  These  assumptions 
often  limit  the  application  to  certain  special  cases  and  cannot  represent  the 
large-signal  device  behavior  in  general. 

To  implement  the  large-signal  two-port  characterization  technique,  a  two- 
signal  method  as  reported  by  Yang  and  Peterson  in  Reference  25  was  used  in 
this  study.  By  varying  the  excitation  signal  levels  and  their  relative  phase,  the 
reflection  coefficients  at  both  ports  change  according  to  Eqs.  2.7  and  2.8.  The 
reflection  coefficients  in  turn  specify  the  terminal  impedances  and  excitation 
levels  of  the  network.  Because  the  test  signals  are  presented  at  both  ports, 
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terminal  conditions  can  be  measured  simultaneously.  It  is  not  necessary  to 
disassemble  or  switch  the  test  circuit  to  measure  the  reflection  coefficients. 

The  terminal  conditions  of  an  active  nonlinear  two-port  network  are  shown  in 
Fig.  2.3.  Because  of  the  small  physical  size  of  some  two-port  devices,  the  dev¬ 
ice  terminals  are  not  directly  accessible  by  the  network  analyzer.  Coupling  net¬ 
works  must  be  built  to  connect  the  device  terminals  to  the  network  analyzer 
measurement  ports.  The  circuit  parameters  of  the  coupling  network  is  predeter¬ 
mined  such  that  any  quantity  measured  can  be  transferred  to  the  device 
terminals. 

The  incident  test  signal  power  levels  PinX  and  P^  and  the  delivered  power 
at  each  port  PDl  and  PDZ  are  expressed  in  terms  of  the  wave  variables  as 

Pinl=\*AZ  .  (2.9) 

Pdi  =  ! “ 1 1 2  —  l&, ia 

=  p^[  1-ir.l3]  .  (2.10) 

PinZ  ~  I  a2 1 2  -  (2.1D 

and 

Pdz  ~  I  az  lz  ~  I  i 2 

=  /Wi-  ir8|8]  (2.12) 

From  Eqs.  2.7  and  2.8,  the  reflection  coefficient  is  a  function  of  j a x i •  \az  \  and 
<p.  By  varying  the  two  test  signal  power  levels  and  their  relative  phase  angle, 
different  values  of  reflection  coefficient  and  the  corresponding  net  power  cross¬ 
ing  each  port  can  be  obtained. 


For  a  linear  device,  the  reflection  coefficient  is  a  function  of  rj  , , .  n ,  and 
<p.  If  the  ratio  between  j  a ,  j  and  |a2j  remains  constant  while  y?  varies,  the  loci 
of  the  reflection  at  port  1,  |Pi  |,  forms  a  circle  as  shown  in  Fig.  2.4.  The  radius  of 


the  circle  is  determined  by  the  quantity 


and  the  center  represents  the 


reflection  coefficient  at  port  1  with  no  incident  wave  at  port  2  reaching  port  1 . 


Because  the  parameters  of  a  linear  device  are  constant  over  its  entire  operating 


range,  a  single  measurement  is  sufficient  to  characterize  the  device  properties 


under  all  operating  conditions. 


In  the  case  of  a  nonlinear  device,  the  parameters  change  as  the  terminal 
conditions  vary.  The  device  must  be  characterized  under  various  power  and 
loading  conditions.  Depending  on  the  application,  different  criteria  are  set  for 
characterizing  the  devices.  For  applications  such  as  amplifiers  the  goal  is  to  find 
the  optimum  terminal  conditions  for  either  maximum  output  power,  maximum  added 
power,  or  maximum  gain.  It  is  desired  to  have  a  passive  input  port,  |P,  ]  <  1,  and 
an  active  output  port,  |P2|  >1.  A  conjugate  match  is  used  at  the  input  port,  i.e., 
Ti,  =  P*.  While  at  the  output  port  a  load  of  the  reflection  coefficient  1**=  1/P* 
is  used. 


For  oscillator  applications  the  goal  could  be  either  maximum  output  power  or 
maximum  tuning  bandwidth.  In  this  case  both  ports  must  be  active  which  means 
|  Pi  |  >  1  and  |P2|  >  1.  The  reflection  coefficient  of  the  load  has  to  be  the 
reciprocal  of  that  at  each  port,  i.e.,  Px,i  =  1/P!  and  Pi2  =  1/P2.  Figures  2.5  and 
2.6  show  a  nonlinear  two-port  network  used  as  an  amplifier  and  an  oscillator, 
respectively. 

Typical  nonlinear  characterization  results  of  a  MESFET  in  common  source 
configuration  are  shown  in  Fig.  2.7.  These  results  were  obtained  by  keeping  |o.  j  j 
and  |a2|  constant  and  varying  the  phase  <p  from  0  to  Zn  rad.  Since  the  drain 
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Fig.  2.5  Nonlinear  Active  Two-Port  Network  as  an  Amplifier 
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Fig.  2.6  Nonlinear  Active  Two-Port  Network  as  an  Oscillator. 
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side  is  active,  the  inverse  of  the  reflection  coefficients  are  plotted  on  a  Smith 
chart.  This  gives  the  desired  load  impedances  required  to  achieve  the  measured 
conditions.  The  gate  port  was  passive  and  the  desired  load  impedance  as  plot¬ 
ted  was  the  complex  conjugate  of  the  terminal  impedance.  It  is  noted  that 
because  of  the  device  nonlinearity,  the  locus  of  both  terminal  impedances  are  not 
circular  as  would  be  in  the  case  of  a  linear  device. 

To  characterize  the  device  for  oscillator  applications,  it  is  necessary  to 
connect  the  device  in  a  different  configuration  such  that  both  ports  are  active. 
Figure  2.8  shows  an  example  of  characterization  results  for  a  common  drain  MES- 
FET.  Because  both  ports  were  active  the  inverse  of  the  measured  reflection 
coefficients  were  plotted  on  a  Smith  chart,  directly  indicating  the  desired  load 
impedances  to  achieve  the  measured  conditions.  Both  [  a.  2  j  and  |  a2  |  were  kept 
constant  and  was  varied  from  0  to  2 n  rad,  but  only  the  portion  where  both 
ports  were  active  was  plotted.  The  nonlinear  behavior  of  the  device  is  apparent 
in  this  plot. 

2.3.  Amplifier  and  Oscillator  Stability 

2.3.1.  Amplifier  Stability  The  amplifier  design  is  simplified  when  the  two-port 
device  is  unconditionally  stable.  In  this  case  the  large-signal  characterization 
provides  information  leading  to  the  optimum  design  of  amplifiers.  However,  these 
characterization  results  must  meet  the  stability  criterion.  For  a  stable  amplifier, 
It  is  required  to  have  the  magnitude  of  the  input  port  reflection  coefficient  less 
than  unity,  i.e.,  |  T|  |  <1.  The  case  where  the  output  port  is  terminated  with  a 
load  Z12  is  considered.  The  reflection  coefficient  of  the  load  is  then 


From  Eq.  2.5,  the  reflected  wave  at  port  1 ,  b ,,  then  becomes  a  function  of  the 
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Incident  wave  n,  and  the  reflection  coefficient  of  the  load  at  port  2,  /L,,  as 

bi  =  /i(tt,,:Va)  (2.14) 

The  reflection  coefficient  at  port  1 ,  is 

I'l  =  T'lt : « . !  (2.15) 

For  a  given  excitation  level  >i,  ,  it  is  necessary  to  find  the  values  of  \'lz  to 
keep  the  amplifier  stable.  The  stability  conditions  are  indicated  by  mapping  the 
J  r )  |  =  1  circle  onto  the  .'/  2  plane  as  shown  in  Fig.  2.9.  Because  the  relationship 
expressed  in  Eq.  2.15  is  nonlinear,  the  locus  of  the  jl’, :  =  :  may  not  be  circular 
Once  a  mathematical  relationship  is  established  between  1’,  and  ' the  unstable 
region  in  Fig.  2.9  can  be  identified.  For  illustration  purposes,  it  is  assumed  that 
the  area  encircled  by  the  mapping  of  )  T'j 1  =  1  is  the  unstable  region.  The  output 
port  of  the  amplifier  is  usually  terminated  by  a  stable  load,  i.e.,  ;  T'/, a ;  <  ;, 
represented  by  the  area  inside  the  |Jyj2]  =  j  circle.  The  amplifier  is  uncondition¬ 
ally  stable  if  the  areas  enclosed  by  I <  £2  I  ~  1  and  the  j  I',  j  =  1  mapping  do  not 
overlap.  This  means  that  all  load  impedances  with  h’p.  {/L)  >  0  satisfy  the  stabil¬ 
ity  criterion.  If  two  areas  overlap,  the  load  impedances  corresponding  to  the 
overlapped  area  will  cause  unstable  conditions  for  the  amplifier  and  should  be 
avoided.  This  is  called  conditionally  stable  situation. 

Because  of  the  device  nonlinearty,  the  relationship  between  the  -  1 
mapping  and  the  \ri2\  =  1  circle  is  different  at  each  excitation  level.  To  study 
the  stability  at  various  excitation  levels,  a  three-dimensional  illustration  is  con¬ 
structed  with  the  third  axis  representing  |  rz  i ' ,  as  shown  in  Fig.  2.10.  This  gives 
the  whole  picture  of  amplifier  stability  under  large-signal  conditions.  If  the 
unstable  region  does  not  overlap  the  , =  ■  circle  for  all  values  of  au  then 
the  amplifier  circuit  is  unconditional  stable  over  its  entire  operating  region. 
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2.3.2.  Oscillator  Stability  Oscillator  stability  criteria  can  be  used  to  determine 
whether  the  proposed  loading  circuits  will  permit  a  steady  state  oscillation.  A 
stable  oscillator  means  that  any  perturbation  of  the  amplitude  of  the  oscillation 
from  the  steady  state  value  decays  with  time.  The  condition  for  oscillation  for  a 
one-port  active  network  terminated  in  a  passive  circuit  is  given  by 


IdCIo  l.s)  = 


r£(s) 


(2. 16) 


where  rfl(  |a  j.s)  is  the  reflection  coefficient  of  the  active  network,  Ti,(s)  is  the 
reflection  coefficient  of  the  external  circuit,  ]  a  j  is  the  amplitude  of  oscillation 
and  s  is  the  complex  frequency.  In  general,  the  complex  frequency  is  expressed 


s  =  a  +  jcj 


(2.17) 


The  real  part,  a,  is  the  growth  rate  and  u  is  the  angular  frequency.  When  the 


oscillator  reaches  steady  state,  the  following  conditions  exist 


a  = 


V  =  Un 


such  that 


S0  =  J  U0 


(2.18) 
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(2.20) 
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The  stability  criterion  is  given  by 


(2.22) 


\  a  I  k-s,, 


For  a  two-port  circuit  this  criterion  can  be  applied  to  either  port  when  the  other 


is  terminated.  The  reflection  coefficient  presented  at  one  port  depends  on  the 


load  at  the  other  such  that  the  reflection  coefficient  can  be  represented  by 
either  1',  or  IV,  when  the  other  port  is  terminated.  The  input  port  reflection  coef¬ 
ficient  is  then  a  function  of  both  amplitude  and  frequency  while  the  reflec¬ 
tion  coefficient  of  the  circuit  is  a  function  of  frequency  only. 

If  <5 a  is  an  amplitude  perturbation  at  port  1  and  5s  is  the  associated  change 
in  s  from  the  steady  state,  then  for  port  1  Eq.  2.1  6  gives 


F i(a0  +  <5 1 at  1 1.  S0  +  (5s)  - 


rj-i(s  +  6s) 


(2.23) 


where  I'Li  is  the  reflection  coefficient  of  the  external  circuit  at  port  1  as  pre- 
viouly  shown  in  Fig.  2.6.  A  Taylor  series  expansion  of  Eq.  2.23  gives 


1'iK  +  s0)  +  6  |  a,  |  ■■  +  6sJL  r,(|a1|,s) 

a  |  a  1 1  as 


1  .  1  1 
r’/,i(so)  sos  rLl(s)  „ 


(2.24) 


where  only  the  first  order  terms  are  retained.  Canceling  the  steady  state  terms 


gives 


6inil  rr,(|a1[,s)j  =8s~  p~Vr  -  T,(  |  a,  |  ,s)  (2.26) 

3|“il  I  *  •  os  lLl{s)  j|a(>S(( 


drt( \ax  |  ,s) 

_ d\ o-i  I _ 


(2.26) 


In  Eq.  2.26,  T1!  is  the  reflection  coefficient  at  port  1  with  port  2  terminated,  i.e. 


Ti  =  7i[  r/,z(s)l 


(2.27) 


A  similar  expression  for  port  2  can  be  obtained  as 
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and 

I'z  =  7z[!aal.s.  I'ti(s)]  (2.29) 

During  the  oscillation,  the  condition  of  F^i  =  1  /F,  and  F/,2  =  1/F2  must  always 
be  satisfied.  Since  both  ports  are  coupled,  any  unstable  condition  at  one  port 
will  show  up  at  the  other  port.  Thus,  it  is  only  necessary  to  investigate  the  sta¬ 
bility  at  one  port  by  using  either  Eq.  2.26  or  2.28. 

2.4.  Realization  of  Large-Signal  Two-Port  Characterization  Technique 

2.4.1.  Measurement  Setup  The  goal  of  characterization  is  to  determine  the 
terminal  conditions  of  the  device  under  test  and  express  these  quantities  in  use¬ 
ful  terms  such  as  impedances  and  power  levels.  For  a  nonlinear  two-port  device, 
it  is  necessary  to  determine  the  terminal  impedances  and  their  corresponding 
available  or  dissipated  power  levels.  From  Eqs.  2.7  and  2.8,  the  reflection  coef¬ 
ficients  F i  and  r8  are  functions  of  ]  cz x  | ,  |a8|,  and  <p.  The  values  of  ,  a  t  ]  and 
|o8j  are  controlled  by  the  test  signal  power  at  port  1  and  port  2,  respectively, 
while  (p  can  be  varied  by  a  phase  shifter.  The  exact  value  of  <p  is  necessary  only 
when  feedback  circuits  are  used  around  the  device.  If  only  the  power  levels  and 
terminal  impedances  are  of  interest  in  the  characterization,  the  knowledge  of  <p  is 
not  important  because  the  relative  phase  of  the  signals  at  the  two  ports  need 
not  be  known. 

For  single-frequency  measurement,  it  is  essential  to  maintain  only  the  fun¬ 
damental  frequency  in  the  measurement  setup  and  to  suppress  the  harmonic  fre¬ 
quency  components.  For  this  either  series  or  parallel  resonant  circuits  or  ideal 


bandpass  filters  can  be  used  to  block  or  terminate  the  harmonic  frequency  com¬ 
ponents  as  shown  in  Figs.  2.1  la  and  2.1 1b.  In  the  actual  measurements  the  use 
of  a  resonant  circuit  may  not  be  necessary  if  the  equipment  used  in  the  setup 
provides  sufficient  attenuation  at  the  harmonic  frequencies.  It  was  also  found 
that  no  significant  harmonics  were  generated  in  this  setup.  The  second-harmonic 
frequency  power  level  measured  more  than  20  dB  down  from  that  of  the  funda¬ 
mental  frequency. 

A  measurement  system  for  providing  Tj,  r2,  |a,|,  and  ]ct2|  is  shown  in  Fig. 
2.12.  The  RF  test  signal  power  level  is  first  amplified  by  a  traveling-wave  tube 
amplifier  and  then  power  divided  to  provide  the  required  two  signals.  The  phase 
between  these  two  signals  is  varied  using  a  phase  shifter,  and  the  power  level 
of  each  test  signal  is  controlled  by  variable  attenuators.  These  attenuators  can 
be  further  controlled  by  a  feedback  loop  to  keep  the  power  level  constant 
throughout  the  course  of  measurement.  Test  signal  power  is  also  monitored  by  a 
power  meter  through  a  directional  coupler.  The  test  signal  is  then  fed  to  the 
device  through  the  reflection  test  unit. 

The  measurement  system  uses  two  network  analyzers.  An  HP-9825A 
desk-top  calculator  is  used  to  control  and  acquire  data  from  the  measurement 
system.  A  flow  chart  of  the  large-signal  two-port  measurement  program  is  shown 
in  Fig.  2.13.  Because  of  the  limited  capacity  of  calculator  memory,  the  actual 
measurement  program  was  divided  into  two  parts.  The  measurement  system  was 
first  calibrated  with  the  error  coefficients  stored  on  a  data  cartridge.  Then,  the 
measurement  part  of  the  program  was  loaded  into  the  calculator  along  with  the 
coupling  network  parameters  and  error  coefficients.  The  characterization  con¬ 
sisted  of  two  measurements  of  the  reflection  coefficients,  one  for  each  port. 
Specification  of  the  test  signal  power  levels  allowed  the  terminal  impedances,  RF 
voltages  and  currents,  and  reflected  powers  to  be  determined.  The  results  were 


Fig.  2.1 1  Termination  of  Harmonic  Frequency  Components  by  Using 
(a)  Series  Resonant  Circuit,  (b)  Parallel  Resonant  Circuit 


Fig.  2.12  Block  Diagram  of  Two-Port  Large-Signal  Measurement  Setup 
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usually  stored  on  data  cartridges  for  further  analysis. 

2.4.2.  Measurement  System  Error  In  any  measurement  system  inevitably 
there  are  errors  preventing  measured  data  form  being  a  true  representation  of  an 
unknown.  In  a  network  analyzer  measurement  system,  the  basic  errors  are  the 
measurement  errors  and  the  display  unit  errors.  The  measurement  errors  occur 
while  the  measurement  is  being  made  and  are  caused  by  directivity,  frequency 
response,  source  mismatch,  drift,  and  noise.  During  the  measurement  the  data 
are  displayed  and  sampled  by  an  interface  unit  for  storage  in  the  calculator.  The 
display  may  have  some  nonlinearity  and  will  introduce  errors.  The  measurement 
errors  and  their  correction  procedures  are  already  well  known.  26  The  display  unit 
error  is  the  subject  of  discussion  in  this  section. 

Measurement  results  from  the  HP-8410  network  analyzer  are  available 
through  one  of  the  following  display  units:  a  phase-magnitude  display,  a  phase- 
gain  indicator,  and  a  polar  display.  The  polar  display  was  used  in  the  actual 
measurement  system  because  it  provides  visual  impedance  display  on  a  Smith 
chart  and  continuous  horizontal  and  vertical  voltage  outputs  corresponding  to  the 
real  and  imaginary  parts  of  the  reflection  coefficient.  Due  to  the  errors  in  the 
signal  processing  circuits,  the  polar  display  cannot  provide  true  readings  and  the 
results  must  be  error  corrected. 

Figure  2.14  shows  a  |T|  =1  circle  on  the  reflection  plane  as  compared  to 
the  loci  of  the  same  circle  distorted  by  unequal  gain  and  cross  coupling  between 
the  horizontal  (real)  and  vertical  (imaginary)  channels.  The  horizontal  and  verti¬ 
cal  values  of  the  reflection  coefficient  expressed  in  the  distorted  x  '-y  '  plane 
in  terms  of  the  actual  x  and  y  values  are 


x’  =  a  x  +  (3  y 


(2.30) 


Error. 
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y‘  =7  x  +  ny 


(2.31) 


where  x  and  y  are  the  actual  values  while  x  and  y  are  measured  values.  A  per¬ 


fect  circle  in  the  z  -y  plane  can  be  expressed  in  terms  ot  x'  and  y  as 
a  +  bx'  +  cy'  +  cix'2  +  ay'2  +  fx’y'  —  0 


(2.32) 


If  y  and  y'  axes  coincide  and  scale  y'  such  that  /?  =  0  and  rj  =  1,  from  Eqs.  2.30 


and  2.31  the  following  is  obtained: 


x'z  =  a2x2 


y'i  -  +  yZ  +  2  yxy 


x'y'  =  oryx2  +  axy 


(2.33) 


(2.34) 


(2.35) 


When  Eqs  2.33  through  2.35  are  substituted  into  Eq.  2.32  and  the  results  are 
compared  to  the  equation  of  a  circle,  the  coefficients  of  the  x2  and  y 2  terms 
should  be  equal  to  one  and  there  should  be  no  xy  cross  product  term.  This 


requires 


2ey  +  f  a  =  0 


d  a2  +  e  y2  +  /  ay  =  1 


e  =  1 


From  Eqs.  2.36  and  2.38 


(2.36) 


(2.37) 


(2.38) 


(2.39) 


which,  when  substituted  into  Eq.  2.37,  gives 
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Ad  -  -yz  =  1 


or 


T2  = 


M  _  i 
/Z 


Substituting  Eq.  2.41  into  Eq.  2.39  gives 


a 


s/Ad  -  r 


and 


7  = 


~L_ 


V4 d  -  fz 

Using  a  and  7,  Eqs.  2.30  and  2.31  become 


x  = 


V4  d  -  f 2  . 
=  - 2  X 


and 


(2.40) 


(2.41) 


(2.42) 


(2.43) 


(2.44) 


V  =  V'  + 


(2.45) 


V4d  -/8 

The  values  of  a,  6,  c,  d,  e.  and  /  can  be  obtained  by  measuring  many 
points  along  the  |  r  |  =  1  circle  using  a  sliding  short  and  fitting  the  data  to  Eq. 
2.32.  Thus,  measured  results  can  be  corrected  for  unequal  channel  gains  and 
cross  coupling  in  the  polar  display  unit. 

2.4.3.  Test  Fixture  Due  to  the  small  size  of  microwave  MESFETs,  it  is  neces¬ 
sary  to  build  a  test  fixture  to  hold  the  device  and  provide  a  transition  from  the 
device  terminals  to  the  network  analyzer  measurement  ports.  A  microstrip  test 
fixture  was  designed  to  permit  establishing  the  reference  plane  right  at  the 
transistor  terminals.  The  microstrip  circuit  was  selected  because  this  environ¬ 
ment,  with  its  inherent  small  size,  light  weight,  and  ease  of  fabrication,  is  well- 
suited  for  applications  such  as  amplifiers  and  oscillators.  Device 


s  % 


characterization  in  microstrip  test  fixtures  avoids  certain  device-circuit  inter- 
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face  parasitics  which  would  be  present  if  the  device  were  characterized  in 
another  medium.  The  test  fixture  was  designed  to  provide  a  50-0  environment 
to  match  with  the  50-0  measurement  system. 

The  test  fixture  shown  in  Fig.  2.15  consists  of  two  end  pieces,  two  OSM  tab 
connectors,  and  a  rib.  Each  end  piece  accommodates  an  OSM  connector  and  a 
microstrip  circuit  which  is  made  of  0.025  inch  thick  99.5  percent  AL203  (alumina) 
substrate.  For  0.025  inch  thick  alumina  substrates,  the  width  of  a  50-0  micros¬ 
trip  line  is  0.025  inch  and  matches  the  width  of  the  package  leads  of  the 
transistor  which  is  mounted  on  the  rib  by  silver  epoxy  as  shown  in  Fig.  2.1  6.  The 
surface  of  the  rib  is  lowered  such  that  the  transistor  lead  lays  on  the  microstrip 
line.  The  fixture  can  be  taken  apart  easily  to  test  different  transistors. 

As  explained  earlier,  at  microwave  frequencies  it  is  often  impossible  to 
directly  measure  devices  such  as  diodes  and  transistors  at  the  device  terminals. 
In  such  case,  a  test  fixture  is  used  and  the  measurements  are  made  at  a  con¬ 
venient  point  some  distance  away  from  the  device.  The  plane  where  measure¬ 
ments  are  made  is  called  the  measurement  plane  and  the  two-port  network  con¬ 
necting  this  plane  and  the  device  is  called  the  coupling  network.  In  this  case  the 
coupling  network  consists  of  the  microstrip  circuit,  OSM  connector,  and  neces¬ 
sary  adapters  to  connect  to  the  network  analyzer  measurement  port.  Since  sam¬ 
ple  to  sample  variations  contribute  to  errors,  all  connectors  and  adapters  were 
Individually  labeled  arid  all  parts  were  assembled  in  the  same  manner  each  time. 
The  coupling  network  could  be  characterized  by  the  untermination  process,  and 
measurement  results  were  transferred  to  the  device  terminal  level  by  aeembed- 
ding  as  outlined  in  Reference  27. 


/  /  / . 


A  varactor  was  used  as  the  known  load  at  the  reference  plane  because  of 
its  comparable  size  to  the  MESFET.  The  varactor  was  first  measured  for  its 
capacitance  vs.  bias  voltage  on  a  capacitance  meter.  Then,  it  was  monted  on  a 
rib  similar  to  that  for  the  MESFETs  and  wire  bonded  to  the  test  fixture.  The 
varactor  capacitance  was  set  to  a  predetermined  value  by  adjusting  bias  vol¬ 
tage  through  a  bias  tee  connected  at  the  input  port  of  the  reflection  test  unit 
and  measured  by  the  network  analyzer.  Since  the  varactor  series  resistance 
and  bonding  wire  inductance  Ls  from  the  microstrip  to  the  varactor  were  not 
taken  into  account  in  this  measurement,  they  were  compensated  for. 

During  the  first  step  of  untermination,  the  varactor  was  assumed  lossless.  A 
series  resistance  of  -Rs  was  in  the  embedding  network  and  needed  to  be 
removed.  By  extending  the  bonding  wire  to  the  ground  forming  a  short  circuit  and 
measuring  the  input  impedance  of  the  test  circuit,  the  amount  of  series  resis¬ 
tance  could  be  determined.  The  real  part  of  this  input  impedance  is  equal  to  -Rs 
and  the  series  inductance  introduced  by  the  bonding  wire  is  calculated  by 


L  =  5.08  x  10“3  l 


In 


4 1 


1 


(2.46) 


where  L  is  the  inductance  in  nanohenries,  l  is  the  length  of  the  bonding  wire  in 
thousandths  of  an  inch,  and,  d  is  the  diameter  of  the  bonding  wire  in 
thousandths  of  an  inch.  The  length  of  the  bonding  wire  was  measured  accurately 
under  a  microscope.  Once  these  terms  are  removed  from  the  embedding  network, 
a  reference  plane  is  established.  It  is  not  necessary  to  measure  the  device 
parameters  at  the  chip  level  because  the  package  is  an  integral  part  of  the  dev- 


2.4.4,  Device  Parameter  Calculation  The  objective  of  large-signal  device 
characterization  is  to  determine  the  terminal  conditions  at  each  port.  This  can  bo 
achieved  by  measuring  the  reflection  coefficient  at  each  port.  By  using  the 
deembedding  process,  the  measured  reflection  coefficients  can  be  transformed 
easily  into  the  device  terminal  impedances.  The  power  level  at  each  port  can  be 
calculated  from  the  amount  of  incident  power.  As  described  earlier,  the  incident 
power  is  monitored  through  a  20-dB  directional  coupler  in  the  measurement 
setup.  A  circuit  diagram  showing  the  relationship  between  the  incident  power 
and  the  power  delivered  to  the  device  under  test  is  as  shown  in  Fig.  2.1  7.  The 
incident  power  Pin  is 


Eg 

2 

2 

Zq  +  Z0 


(2.47) 


where  Kc  is  the  peak  RF  amplitude  of  the  source  voltage.  With  a  matched 
source  where 


ZG  -  /?„ 


the  incident  power  is  expressed  as 


P  -  l^i* 

*  B  Z0 


The  RF  voltage  at  the  measurement  plane  is 


V'l  =  KC  T 


Z\  +  ^0 


or 


Zi 


Lq  X  i  +  z, 


'0 


(2.48) 


(2.49) 


(2.50) 


(2.51) 


By  using  the  ABCD  parameters,  the  ratio  between  the  voltages  at  the  measure¬ 
ment  plane  Vl  and  the  reference  plane  V%  is  given  by 


Fig.  2.1  7  Large-Signal  Measurement  Circuit  Diagram. 
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V; 


(2.52) 


k,  {c/,D  +  /;)/, 

Thus  from  Eqs  2.51  and  2.52  the  RF  voltage  across  the  device  is  calculated  from 


(2.53) 


t:c  \C/.0  +  d)  (/,  +-  zu) 

When  the  incident  power  Pmc  is  known,  the  source  voltage  Eq  can  be  obtained 
from  Eq.  2.49  as 


I  EC\=  VBZ0  Pir 


(2.54) 


From  Eq.  2.53,  V- ,  is  obtained  as 


V3  = 


2 


D 


2  (CZD  +  D)  (2,  +  Z.0  ) 

The  RF  current  at  the  device  terminal  is 


(  8 Z0Pmu)» 


(2.55) 


/a  “  m 

and  the  power  delivered  is 

_  \h\  *RP 

“dtv  ~  „ 


(2.56) 


(2.57) 


If  the  device  is  active,  Ru  is  negative  and  Eq.  2.5 7  gives  generated  power.  The 
impedance  Zu  is  found  by  deembedding. 


2.5.  Summary 

The  measurement  technique  presented  was  proven  to  be  very  effective  in 
characterizing  the  large-signal  properties  of  the  two-port  nonlinear  devices. 
Although  accurate  measurement  results  can  only  be  obtained  through  an 
automatic  measurement  system,  it  is  possible  to  obtian  a  general  view  of  the 
device  behavior  manually  on  the  polar  display  by  inverting  the  harmonic  fre¬ 
quency  converters.  The  harmonic  frequency  converter  monitors  both  the  incident 
and  the  reflected  wave  from  the  test  unit,  converts  these  two  signals  down  from 


the  microwave  frequency,  and  sends  them  to  the  network  analyzer.  For  a  reflec¬ 
tion  measurement,  the  ratio  between  the  reflected  and  the  incident  waves  at 
that  port  determines  the  reflection  coefficient  V  as 

P  =  -  (2.58) 

a 

where  b  is  the  reflected  wave  variable  and  a  is  the  incident  wave  variable.  If 
the  harmonic  frequency  converter  is  inverted,  the  incident  (reference)  and 
reflected  channels  are  interchanged  such  that  a/b  is  measured,  and  the  result 
provides  the  reciprocal  of  the  reflection  coefficient.  The  reflection  coefficient  I’ 
is  expressed  in  terms  of  Z£  and  Z0  as 

P  =  ~  Z0 

ZL  +  Zo 

or 

_1  _  Zl  +  Za 

r  ~  z£-z0 
=  i-zL')  - 

{-Zl)  +  £0 

When  comparing  Eqs.  2.69  and  2.60,  it  is  found  that  by  inverting  the  harmonic 
frequency  converter,  the  impedance  information  given  on  the  polar  display  is 
—Z£,  which  is  the  desired  load  impedance  of  an  active  port.  The  insertion  loss 
due  to  the  coupling  network  can  be  compensated  for  by  adjusting  the  network 
analyzer  gain  control,  and  the  phase  shift  can  be  compensated  for  by  varying  the 
length  of  the  line  stretcher  in  the  reflection  test  unit.  Due  to  the  difficulties  in 
calibrating  the  network  analyzer  in  this  configuration,  the  full  accuracy  of  the 
automatic  system  was  not  available  while  the  harmonic  converter  was  inverted. 


(2.59) 


(2.60) 


CHAPTER  III 


EXPERIMENTAL  RESULTS 

3.1.  Introduction 

In  this  chapter  the  experimental  results  of  the  large-signal  performance  of 
the  MESFETs  are  presented.  Power  MESFETs  rated  at  250  and  500  mW  were 
used  since  these  devices  typically  operate  under  large-signal  nonlinear  condi¬ 
tions.  The  MESFETs  under  test  consist  of  several  parallel  cells  to  achieve  the 
rated  power  capability.  Shown  in  Fig.  3.1  is  a  500-mW  rated  MESFET  chip  which 
has  1  2  gates  connected  in  parallel,  while  a  250  mW  device  has  six  gates.  The 
GaAs  MESFET  used  in  this  measurement  employs  a  flip-chip  configuration.  The 
device  is  mounted  on  a  metal  base  which  includes  alumina  standoffs  and  leads  to 
provide  ease  of  installation  in  the  microstrip  circuits.  These  devices  typically 
operate  at  =  5  7  and  Vgs  =  —  2  V.  Although  a  higher  drain  to  source  voltage 
was  suggested  by  the  manufacturer,  this  lower  voltage  is  preferred  to  reduce 
the  device  failure  rate  during  measurement.  It  was  found  that  increasing  the 
drain  to  source  bias  voltage  had  no  significant  effect  on  the  device  performance. 

In  order  to  show  the  large-signal  properties  of  the  MESFETs  and  to  illustrate 
the  application  of  such  characterization  results,  the  devices  were  measured  and 
the  results  were  used  in  designing  an  oscillator.  It  was  found  that  in  the  common 
drain  configuration  both  ports  of  the  MESFET  were  active.  This  common  drain 
configuration  is  ideal  for  oscillator  applications.  The  tuning  and  output  matching 
circuits  can  be  designed  without  the  complexity  of  a  feedback  loop.  For  this 


reason,  the  MESFETs  were  characterized  in  this  configuration.  The  devices  were 
measured  from  7  to  1  3  GHz  at  1 -GHz  intervals  under  various  power  levels  and 
loading  conditions. 

A  substantial  amount  of  data  was  generated  by  the  measurement  technique. 
These  data  were  analyzed  and  are  presented  in  this  chapter.  In  Section  3.3  the 
design  of  a  common  drain  MESFET  oscillator  is  discussed.  An  oscillator  was  also 
built  to  verify  the  measurement  results. 

3.2.  Measurement  Results 

The  goal  of  the  measurements  is  to  determine  the  MESFET  terminal  condi¬ 
tions  at  both  ports,  specified  by  the  terminal  impedances,  the  terminal  RF  vol¬ 
tages  and  currents,  and  the  net  power  crossing  each  port.  During  the  measure¬ 
ments,  the  two  test  signals  were  first  kept  constant  and  the  phase  between 
them  was  varied.  After  making  measurements  at  various  phase  settings,  the  test 
signal  power  levels  were  then  changed.  The  power  levels  were  varied  from  1 0  to 
300  mW  for  the  250  mW  rated  MESFETs  and  higher  for  the  500  mW  rated  dev¬ 
ices.  Since  the  measurement  results  were  used  to  design  a  common  drain  MES¬ 
FET  oscillator,  results  were  useful  only  when  both  ports  were  active.  As  the  test 
signal  power  level  increases,  the  device  becomes  saturated  and  the  available 
power  decreases  gradually.  The  test  signal  power  was  increased  until  the  gain 
diminished  at  either  port. 

The  characterization  technique  used  as  many  measurements  as  possible  to 
cover  the  entire  operating  range.  Many  points  were  measured  at  each  frequency 
and  the  results  were  stored  on  data  cartridges  for  further  analysis.  Some  typical 
measurement  results  are  shown  to  illustrate  the  change  of  the  device  perfor¬ 
mance  at  different  test  signal  power  and  phase  settings.  Measurement  results 
are  always  presented  in  impedance  pairs  along  with  the  corresponding  available 
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power  levels.  Since  the  two  terminal  impedances  depend  on  each  other,  they 
exist  only  in  pairs  and  should  never  be  separated.  Because  both  ports  were 
active,  the  real  parts  of  their  terminal  impedances  were  negative  and  thus  could 
not  be  plotted  on  a  regular  Smith  chart.  Therefore,  the  negative  of  these  termi¬ 
nal  impedances  -Zt9  and  -Zfs  were  plotted.  These  impedances  -Zjg  and  —Z Ts 
are  hence  the  load  impedances  required  to  achieve  the  measured  device  perfor¬ 
mances  and  thus  can  also  be  called  the  load  impedances. 

Figure  3.2  shows  the  loci  of  -ZTg  and  -Zrs  at  different  source  test  signal 
levels  at  7  GHz.  The  gate  test  signal  was  held  constant  at  Pinl  =  160  mW 
throughout  this  measurement.  On  each  set  of  curves,  three  impedance  pairs 
were  marked  and  their  corresponding  available  power  levels  were  given.  Curves 

1  and  V  show  the  results  as  keeping  the  source  test  signal  Pin2  =  240  mW  and 
varying  <p.  The  source  test  signal  was  at  160  mW  for  curves  2  and  2‘  and  at  100 
mW  for  curves  3  and  3'. 

Figure  3.3  shows  the  results  obtained  with  the  source  test  signal  at 
Pin 2  =  1 60  mW  and  7  GHz.  Curves  1  and  1 '  indicate  the  loci  of  -Zr  and  -ZTs 
with  Pini  =  100  mW.  Curves  2  and  2'  are  the  results  for  Pi,l}  =  20  mW  and 
curves  3  and  3'  are  for  P =  240  mW.  Typical  measurement  results  at  1  0  GHz 
are  as  shown  in  Fig.  3.4.  The  source  test  signal  was  10  mW  for  both  sets  of 
curves.  For  curves  1  and  V,  the  gate  test  signal  was  J\nl  =  30  mW  and  curves 

2  and  2'  were  measured  with  Pinl  -  20  mW.  Figure  3.5  shows  two  sets  of  meas¬ 
urements  at  1  3  GHz.  Both  test  signals  were  of  30  mW  for  curves  1  and  V  and  20 


mW  for  curves  2  and  2*. 


3.3.  Common  Drain  MESFET  Oscillator  Design 

3.3.1.  Analysis  of  Measurement  Results  In  the  previous  section,  the  measure¬ 
ment  procedure  and  some  sample  results  were  presented.  Since  many  measure¬ 
ments  were  made  at  each  frequency,  it  is  necessary  to  analyze  and  present  the 
measured  data  in  a  systematic  manner.  The  250-mW  rated  devices  were  meas¬ 
ured  and  presented  for  studying  the  large-signal  device  property.  Because  of 
sample  to  sample  differences,  all  data  used  in  this  section  for  illustrating  oscilla¬ 
tor  design  were  obtained  from  the  same  device. 

From  the  measured  results,  it  is  observed  that  the  MESFET  tested  is  capa¬ 
ble  of  delivering  significant  power  either  from  the  source  or  the  gate  side. 
Although  the  amount  of  power  available  from  both  ports  are  comparable,  the 
optimum  loading  conditions  for  each  case  is  different.  The  choice  of  output  port 
depends  on  the  requirements  of  the  external  circuitry.  The  test  results  revealed 
that  the  optimum  gate  load  impedance  was  of  low  loss,  while  the  source  load 
impedance  had  a  high  resistive  component.  For  most  applications,  it  is  preferred 
to  have  a  low  loss  tuning  circuit  at  the  gate  and  a  high  impedance  level  at  the 
source  which  is  easier  to  match  the  standard  50  Q  system.  Figure  3.6  shows  the 
load  impedance  pairs  needed  to  provide  100  mW  output  power  at  7  GHz  from  the 
source.  The  same  amount  of  power  can  also  be  obtained  from  the  gate  provided 
the  load  impedances  shown  in  Fig.  3.7  are  given. 

Shown  in  Fig.  3.8  is  the  total  output  power  Ps  +  ]Jg  vs.  gate  loss  level  at  7 
GHz.  The  highest  total  power  occurs  for  a  lossless  gate  termination  and  essen¬ 
tially  all  the  power  is  available  from  the  source.  As  the  loss  in  the  gate  circuit 
increases,  the  total  power  drops,  with  more  of  it  dissipated  in  the  gate  termina¬ 
tion.  At  high  enough  gate  loss,  the  total  power  becomes  dominated  by  gate 
power,  and  the  source  power  drops  substantially  with  a  corresponding  large 


change  in  source  load  impedance.  Shown  in  Fig.  3.9  are  the  source  and  gate 
load  impedance  regions  corresponding  to  either  the  highest  source  power  , 
Region  A,  or  the  highest  gate  power,  Region  B. 

Figure  3.10  shows  the  source  output  power  at  7  GHz  as  a  function  of  the 
optimum  gate  load  with  increasing  levels  of  gate  loss  resistance,  i.e,  tuning  cir¬ 
cuit  loss.  Hence  for  a  varactor  tuning  circuit  on  the  gate,  the  power  output  of 
the  source  and  corresponding  source  load  impedance  can  be  specified  for  any 
given  varactor  resistance.  As  indicated  for  a  series  resistance  of  approximately 
3  fi,  the  maximum  power  from  the  source  has  been  halved  to  approximately  1  30 
mW. 

3.3.2.  Oscillator  Design  Using  Characterization  Results  The  advantage  of 
using  the  large-signal  data  for  designing  the  oscillator  is  that  these  data  provide 
accurate  load  impedance  and  available  power  information  at  both  ports.  In  addi¬ 
tion  to  the  maximum  power  point,  it  also  predicts  the  change  of  device  perfor¬ 
mance  while  the  load  is  varied.  The  measured  data  show  that  it  is  easier  to  use 
the  gate  as  a  tuning  port  and  extract  power  from  the  source.  From  the  measured 
data,  it  shows  that  maximum  power  can  be  obtained  if  the  tuning  circuit  loss  is 
minimized.  Inevitably  loss  does  exist.  Therefore,  in  optimizing  an  oscillator  circuit 
the  first  step  is  to  design  a  low  loss  tuning  circuit  and  then  optimize  the  output 
circuit. 

For  each  load  at  the  gate,  a  different  source  load  provides  different  output 
power.  Figure  3.11  shows  an  example.  With  the  gate  load  impedance  set  at 
%ig  =  3  +  j  50  Q  and  the  source  load  impedances  as  indicated,  the  available 
power  at  the  source  ranges  from  1  6  to  43  mW  at  7  GHz  as  marked.  The  reac¬ 
tance  part  of  the  tuning  circuit  can  be  optimized  easily  to  obtain  the  maximum 
power.  As  shown  in  Fig.  3.12,  the  same  curve  as  in  Fig.  3.1 1  was  plotted  at  five 
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different  reactance  levels  with  the  resistive  part  constant  at  3  Q.  The  maximum 
power  point  for  each  curve  was  labeled  and  all  these  points  were  connected  to 
show  the  maximum  output  power  available  for  each  level  of  gate  loss.  Such 
curves  were  also  obtained  for  gate  loss  levels  of  0.5,  1.5,  5,  7.5  and  10  0  at  7 
GHz  as  shown  in  Figs.  3.13  through  3.17,  respectively.  These  figures  show  that 
the  maximum  available  power  for  each  level  of  gate  loss  drops  as  the  loss  in  the 
gate  circuit  increases.  For  a  0.5-Q  minimal  loss  at  the  gate,  the  maximum  power 
is  266  mW,  while  the  power  decreases  to  84  mW  at  5  0  and  only  34  mW  with  a 
10-0  loss.  By  combining  the  maximum  power  curve  at  all  gate  loss  levels,  a 
graph  as  shown  in  Fig.  3.18  was  constructed.  It  instantly  reveals  the  maximum 
available  power  of  the  device  at  7  GHz  as  a  function  of  gate  loss.  The  optimum 
gate  and  source  load  impedances  are  also  indicated.  By  the  same  process, 
measured  data  at  8  to  11  GHz  were  analyzed  and  plotted.  These  results  are 
presented  in  Appendix  A. 

Because  of  the  broadband  negative  resistance  available,  MESFETs  are 
widely  used  in  voltage-controlled  oscillators  (VCOs).  In  designing  an  oscillator 
circuit,  if  both  ports  of  the  device  are  active,  separate  tuning  and  output  circuits 
can  be  used,  otherwise,  a  feedback  loop  is  usually  needed.  For  a  broadband 
VCO,  adding  a  feedback  circuit  to  the  tuning  and  output  ports  increases  the  com¬ 
plexity  of  the  oscillator  circuit.  It  is  easier  to  use  separate  circuits  for  each 
port.  According  to  the  characterization  results,  the  common  drain  configuration 
makes  both  gate  and  source  ports  active  and  is  suitable  for  VCO  applications. 

After  studying  the  gate  and  source  impedances,  it  is  obvious  that  the  gate 
is  preferred  for  tuning  and  the  source,  for  output.  A  varactor  is  normally  used 
for  fast  and  wideband  tuning  of  the  VCO.  By  varying  the  the  varactor  bias  vol¬ 
tage,  the  reactance  of  the  tuning  circuit  cnanges  and  thus  tunes  the  oscillator. 
For  a  given  level  of  varactor  series  resistance  (gate  loss),  the  available  source 
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power,  the  optimum  source  load,  and  the  optimum  gate  reactance  as  a  function  of 
frequency  can  be  determined  thus  leading  to  optimum  VCO  design.  Shown  in  Fig. 
3.19  is  the  optimum  source  load  impedance  and  corresponding  power  output 
versus  frequency  for  a  4  0  level  of  gate  resistance  (varactor  series  resistance). 
The  points  along  the  4  Q  contour  indicate  the  optimum  gate  reactance  necessary 
for  tuning  maximum  power  at  each  frequency.  It  is  evident  that  the  power  output 
falls  quite  rapidly  with  frequency.  Given  the  source  load  impedance  characteris¬ 
tics  which  approximate  the  optimum,  the  VCO  performance  can  be  predicted  and 
the  gate  circuitry  can  be  specified. 

3.4.  Verification  of  Measurement  Results 

In  the  previous  section,  the  oscillator  design  procedure  by  using  the  large- 
signal  two-pcrt  measurement  results  was  presented.  However,  the  work  is  not 
complete  without  actually  building  an  oscillator  to  verify  the  measurement 
results.  The  inventory  of  the  type  of  device  used  for  the  measurement  was 
exhausted  before  an  oscillator  could  be  constructed.  A  similar  MESFET  was  used 
instead  to  build  the  oscillator.  This  device  was  then  characterized  by  the  same 
procedure  at  the  frequency  of  oscillation  and  compared  to  the  load  impedances 
of  the  oscillator.  A  block  diagram  of  the  oscillator  test  circuit  is  shown  in  Fig. 
3.20.  The  gate  tuning  circuit  consists  of  a  50-Q  microstrip  line  trimmed  to  the 
desired  length  and  a  bias  circuit.  A  double  stub  tuner  and  a  bias  tee  were  used 
in  the  source  output  circuit.  The  oscillation  frequency  was  measured  at  7.2  GHz 
and  the  output  power  was  125  mW  from  the  source.  The  oscillator  circuit  was 
then  taken  apart  and  the  load  impedances  were  measured  on  a  network  analyzer. 
The  load  impedances  were  Z ^  -  O.b  +  j2.bQ  at  the  gate  and 
Z,u  -  21  Hb  -jA0A8{)  at  the  source.  The  output  displayed  on  the  spectrum 
analyzer  is  as  shown  in  Fig.  3.21a,  and  Fig.  3.21b  shows  the  second  harmonic  of 
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Fig.  3.20  Block  Diagram  of  MESFET  Oscillator  Test  Circuit. 
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the  output,  which  is  32  dB  lower  than  the  fundamental.  The  impedance  measure¬ 
ment  results  are  illustrated  in  Fig.  3.22.  The  results  show  that  the  predicted 
loads  from  the  measurement  are  very  close  to  the  loads  actually  used  in  the 
oscillator  circuit.  The  differences  between  the  two  results  are  caused  by  the 
resolution  and  the  error  limits  of  the  network  analyzer  measurement  system. 
Therefore,  this  verifies  that  the  large-signal  two-port  measurement  can  provide 
accurate  information  of  the  large-signal  performance  of  two-port  nonlinear  net¬ 
works. 


CHAPTER  IV 


LARGE-SIGNAL  MESFET  MODEL 


4.1.  Introduction 

In  the  previous  chapters,  the  large-  signal  two-port  characterization 
procedure  and  results  were  presented.  Although  accurate  device  information  can 
be  obtained  through  measurement,  it  requires  substantial  effort.  An  equivalent 
circuit  model  would  be  useful  in  predicting  the  large-signal  device  performance,  if 
such  a  model  and  its  parameters  could  be  established  easily.  The  available 
large-signal  MESFET  models  are  derived  either  from  physical  principles  or  meas¬ 
ured  data  taken  in  a  50-Q  system.  As  such,  they  are  not  based  on  the  actual 
device  operating  conditions. 

The  model  reported  by  Tajima  et  al.,  28  for  example,  is  based  on  the  meas¬ 
ured  dc  characteristics  of  the  device.  The  nonlinear  element  values  were  calcu¬ 
lated  from  dc  measurement  results.  The  drawback  of  this  model  is  that  the  use 
of  dc  characteristics  cannot  always  predict  large-signal  RF  performance  accu¬ 
rately.  Madjar  et  al.  20  used  the  device  geometry  and  semiconductor  parameters 
to  derive  a  device  model.  It  is  suitable  for  analyzing  device  physical  parameters, 
but  does  not  provide  enough  large-signal  device  information  for  circuit  design.  All 
these  models  require  lengthy  integration  to  calculate  the  element  values. 


In  this  chapter,  the  large-signal  MESFET  model  element  values  are 
expressed  as  functions  of  the  device  terminal  RF  voltages.  This  model  is  easy  to 
use  because  the  device  performance  is  directly  related  to  the  RF  voltage  values. 
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By  using  the  large-signal  characterization  results,  the  accuracy  of  the  model  is 
also  greatly  enhanced. 

4.2.  Large-Signal  MESFET  Equivalent  Circuit  Model 

The  large-signal  equivalent  circuit  model  presented  in  this  chapter  is  based 
on  a  simple  model  as  reported  in  Reference  30  and  is  as  shown  in  Fig.  4.1 .  Under 
large-signal  operation,  element  values  of  the  MESFET  model  vary  with  the  driving 
levels  and  become  dependent  on  terminal  RF  voltages.  In  order  to  limit  the  com¬ 
plexity  of  the  model,  the  number  of  nonlinear  elements  was  limited  to  three, 
namely:  a  transconductance  gm,  a  gate  to  source  capacitance  Cgs,  and  resis¬ 
tance  Rgs.  Because  of  the  series  connection  of  a  large  Rgd  and  a  small  Cgd,  the 
impedance  between  the  gate  and  the  drain  is  high  and  large-signal  effects  from 
this  branch  are  ignored.  The  drain  to  source  resistance  Ra  and  capacitance  C0 
are  assumed  constant.  In  a  power  MESFET  the  time  delay  r  is  large  and  can  be 
treated  as  a  constant.  The  values  of  these  five  constant  elements  can  be 
determined  through  small-signal  measurements. 

Since  the  device  is  packaged,  the  accuracy  of  the  model  is  maximized  by 
taking  careful  account  of  the  package  parasitics.  Shown  in  Fig.  4.2  is  the 
equivalent  circuit  used  for  package  parasitics.  Although  a  direct  RF  measure¬ 
ment  of  these  package  parasitics  was  not  possible,  their  physical  dimensions 
could  be  measured  accurately  with  a  microscope  allowing  reasonable  values  to 
be  calculated.  Table  4.1  shows  the  values  of  the  device  and  the  package 
parameters.  Because  the  package  and  the  linear  model  elements  are  constant 
they  can  be  absorbed  into  the  load  at  each  port.  The  model  is  then  simplified  to 
that  shown  in  Fig.  4.3. 

The  large-signal  measurements  were  made  in  the  common  drain  configuration 
and  provided  terminal  impedance,  RF  voltage  and  available  power  at  each  port. 
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TABLE  4.1 

MESFET  and  Package  Parameters 


Drain  Bias  (V) 

5.00 

Gate  Bias  (V) 

-2.00 

K*  (0) 

71.05 

Cg<l  ( PF ) 

0.04 

Ko  (0) 

25.0 

C0  ipF) 

0.03 

T  ( pS ) 

15.0 

Lu  ( nH ) 

0.1 

L\z  (nH) 

0.13 

LZ1  (nH) 

0.1 

L22  (nH) 

0.13 

Ci  (pF) 

0.045 

Cz  (pF) 

C  045 

Rx  (0) 

0.5 

R*  (0) 

0.5 

Based  on  the  model  in  Fig.  4.3,  the  terminal  impedances  at  the  gate  and  source 
can  be  expressed  as 


%Tg  -  Zgs  -  (1  +  gme  JUT  Zgs  )  Z 7s  (4.1) 

and 


?F.  (4.2) 

1  +  gme~3UTZas 

The  information  obtained  from  measurements  includes  the  simultaneous  terminal 
impedances  and  the  magnitude  of  the  RF  voltage  at  each  port.  Because  the  ter¬ 
minal  impedance  at  the  gate  Zfg  and  the  source  Z7s.  depend  upon  each  other, 
only  one  equation  can  be  established  and  that  is 


Z  =  -  ZTg  -  Z'fs 

33  gme^  ZTs  -  1 

_  ZTg  +  ZTs  (4.3) 

1  -9me~iurzTs 

in  order  to  solve  Zgs,  the  phase  relationship  between  the  two  ports  must  be 
determined.  Although  this  phase  relationship  was  not  available  from  the  meas¬ 
urement  results,  additional  required  information  can  be  extracted  from  the  RF  vol¬ 
tages  |  Vj  |  and  \V2\.  An  iteration  method  was  employed  to  solve  these  unk¬ 
nowns.  The  relationship  between  j  Vx  |  and  \VZ\  is  given  by 


where 


(4.4) 


Zl  1  -  -  ?Tg  (4.5) 

An  initial  value  was  given  to  ym  and  it  was  used  to  calculate  Zgs  by  Eq.  4.3. 
Then  Eq.  4.4  was  used  to  check  the  values  of  Zgs  until  the  conditions  set  by 
both  equations  were  satisfied.  When  using  this  iteration  method,  the  solution 
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must  be  to  determine  if  it  is  unique  or  otherwise  correct.  Equation  4.4  can  be 
written  as 


=  I*/.  1 1  v  -  */., 


(4.6) 


where  \V\  is  the  ratio  between  |  V2\  and  |  K,  j.  Both  Eqs.  4.3  and  4.6  can  be 
plotted  in  the  Zga  plane  and  the  intersection  is  the  solution  for  Zga  and  gm  as 
shown  in  Fig.  4.4.  By  using  bilinear  transformation,  circles  and  lines  always 
transform  into  circles  and  lines.  31  From  Eq.  4.3,  the  locus  of  Zgs ,  as  a  function  of 
a  real  number  gm,  forms  a  circle  which  goes  through  the  origin  as  gm  approaches 
+  °°  or  To  find  the  radius  and  the  center  of  the  locus  both  the  numerator  and 
the  denominator  of  Eq.  4.3  are  divided  by  e  JUT  ZTs  which  yields 


Zga  — 


(ZTg  +  ZTs) 
Z* 

e>UT 

9  m  ,r 


a  +  jb 
gm  +  c  + jd 


(4.7) 


where 


a  =  Ke 


(■ zTg  +  ZTs)  -t 


(4.8) 


b  =  Im 


(ZTg  +  ZTs) 


(4.9) 


c  =  Re  -■ 


(4.10) 


d  =  Im  -  - 


(4.11) 


Since  the  locus  of  Zga  goes  through  the  origin,  the  diameter  of  the  circle  is 
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I  i  max*  Wh©re  |  Zgx  j  IS 


\zga  I 


(a8  +  bz)% 
[(0m  +  c)8  +  d8]# 


(4.12) 


By  observing  Eq.  4.12,  \Zga  |  reaches  its  maximum  at  gm  =  -  c.  Thus,  the  radius 
is  (a8  +  bz)%/ d.  The  center  is  half  way  between  the  origin  and  the  gm  =  -  c 
point,  which  is  a  +  jb  /  2jd.  The  actual  values  can  be  obtained  by  equating  Eqs. 
4.8  through  4.1 1 . 


The  locus  of  Eq.  4.6  also  forms  a  circle  as  a  function  of  with  the  center 
located  at  -Zn  and  a  radius  of  \Zn\  |  V\.  Unless  these  two  circles  coincide, 
there  are  at  most  two  solutions  of  these  two  equations.  Since  the  solution  must 
be  unique,  quantities  obtained  from  this  numerical  method  must  be  studied  and 
the  correct  solution  identified.  In  order  to  obtain  the  appropriate  solutions  for 
both  Zga  and  gm,  the  following  criteria  were  established.  The  constraint  for  Zga  is 
that  it  must  be  passive  and  capacitive,  i.e.,  Re(Zga)  >  0  and  Im{Zga)  <  0.  This 
solution  requires  one  intersection  in  the  fourth  quadrant  as  shown  in  Fig.  4.4. 
The  transconductance  must  be  real  and  positive  where  the  value  of  cjt  is  given. 
In  addition,  gm  should  not  be  greater  than  its  small-signal  value  of  200  mmho. 
Even  with  these  constrains  it  is  still  not  possible  to  determine  whether  the  solu¬ 
tion  will  be  unique.  For  this  reason,  during  the  calculation  of  Zga  and  gm,  both 
solutions  were  tested  and  only  those  meeting  the  above  criteria  were  kept. 
Almost  all  the  measured  data  gave  one  positive  and  one  negative  gm  as  the  sam¬ 
ple  printout  shows  in  Table  4.2. 

The  results  showed  that  both  Rga  and  Cga  are  functions  of  the  magnitude  of 
the  RF  voltage  between  the  gate  and  source  |  Vga  |  which  is  defined  by 

\Vg,\  =  IVi-  V2\  (4.13) 

The  values  of  Rg,  and  C„  can  be  curve  fitted.  A  polynomial  of  second  degree 
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TABLE  4.2 


Calculated  Values  of  Transconductance 
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In  Vgt  as  shown  in  Fig.  4.5  was  used  to  fit  Rgsi  where  the  dots  represent  the 
calculated  values  from  the  measurement  results.  Since  Cgu  decreases  with 
Increasing  1^1.  it  was  fitted  to  an  exponential  function  and  is  as  shown  in  Fig. 
4.6.  It  was  found  that  the  transconductance  gm  is  a  function  of  both  |  Vgs  j  and 
I  Vz  | .  Thus  the  gm  was  fitted  to  exponential  functions  in  Vgs  for  different  values 
of  |  Vg  |  -  Figure  4.7  shows  the  calculated  values  from  measurements  and  the  fit¬ 
ted  curve  at  7  GHz  with  \V2\  =  5  V.  A  complete  set  of  gm  for  various  |  V2  |  lev¬ 
els  is  shown  in  Fig.  4.8. 

Element  values  of  this  model  were  also  calculated  at  8  and  9  GHz.  These 
results  are  presented  in  Appendix  B.  It  was  noticed  that  the  values  of  these 
nonlinear  elements  have  similar  values  and  vary  in  the  same  direction  vs.  RF  vol¬ 
tage  for  all  three  frequencies. 

This  model  can  be  used  in  a  number  of  different  ways.  For  example,  the 
output  load  Impedance  and  the  input  excitation  level  can  be  specified  and  this 
model  can  be  used  to  predict  the  output  power  and  the  device  input  terminal 
impedance.  It  can  also  be  used  to  search  for  the  optimum  device  operating  con¬ 
ditions.  Also,  it  is  useful  in  examining  the  oscillator  stability. 

The  model  was  tested  to  verify  Its  accuracy  by  comparing  the  calculated 
results  to  measured  data.  Different  gate  tuning  circuit  impedance  as  well  as  RF 
voltages  were  given.  The  source  load  impedances  and  output  power  were  calcu¬ 
lated.  At  7  GHz,  a  gate  impedance  of  ZLl  =  1.5  +  ,762.5  0  was  used.  The  calcu¬ 
lated  source  load  impedances  and  output  power  at  different  RF  voltages  were 
obtained  by  using  the  model  and  are  plotted  in  Fig.  4.9.  For  each  case  the  calcu¬ 
lated  power  and  impedance  were  very  close  to  the  measured  values.  The  max¬ 
imum  measured  power  for  the  given  gate  tuning  circuit  was  203  mW  while  the 
calculated  power  was  212  mW. 
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Fig.  4.7  Curve  Fitted  gm  vs.  RF  Voltage  j  Vgt  |  with  |  Vz  j  =  5  V 
at  7  GHz. 
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At  8  GHz,  '/, i ,  =  5  +  j‘ 1b  fi  was  chosen.  Four  source  load  impedances  and 
their  corresponding  power  levels  were  calculated  as  shown  in  Fig.  4.10.  The 
maximum  output  power  measured  in  this  case  was  38  mW,  the  same  as  that  cal¬ 
culated.  For  9  GHz  with  ZjA  =  1  +  j  43  Q,  the  optimum  output  power  at  the 
source  was  measured  at  50  mW  while  55  mW  was  calculated.  The  results  at  9 
GHz  is  as  shown  in  Fig.  4.11.  A  summary  of  these  measured  and  calculated 
results  are  tabulated  in  Table  4.3. 

4.3.  Summary 

A  large-signal  MESFET  equivalent  circuit  model  was  developed.  The  non¬ 
linear  element  values  were  calculated  and  curve  fitted  as  functions  of  terminal 
RF  voltages.  Device  performances  calculated  by  using  this  model  were  in  agree¬ 
ment  with  that  of  the  measurement  results. 

This  model  was  derived  from  a  large  amount  of  measured  data  to  investigate 
the  behavior  of  the  various  nonlinear  elements.  The  results  show  that  these  ele¬ 
ment  values  are  well  behaved  with  RF  voltage  and  can  be  fit  to  smooth  function 
with  low  error.  In  principle,  a  smaller  amount  of  data  could  be  used  to  determine 
the  element  values  for  this  large-signal  model  as  long  as  these  measurements 
cover  the  entire  device  operating  range. 

The  large-signal  MESFET  equivalent  circuit  model  presented  in  this  chapter 
provides  a  simple  way  to  investigate  the  large-signal  performance  of  the  device 
and  to  establish  approximate  circuit  conditions.  The  model  offers  accurate  pred¬ 
iction  of  device  behavior  because  it  is  based  on  actual  measured  results. 
Although  this  model  has  limitations  as  described,  it  can  be  a  very  useful  tool  for 
designing  large-signal  MESFET  circuits.  Once  such  a  model  has  been  established 
for  a  given  class  of  device,  it  can  then  be  used  as  a  design  tool  without  having 
to  perform  additional  characterization  measurements. 
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Fig.  4.10  Calculated  vs.  Measured  Source  Impedance  and  Output 
Power  at  8  GHz. 


TABLE  4.3 


Calculated  and  Measured  Source  Impedances  and  Output  Power 
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CHAPTER  V 


CONCLUSIONS 


6.1.  Summary  and  Conclusions 

The  major  contributions  of  this  research  include  development  of  a 
large-signal  characterization  procedure  for  two-port  nonlinear  active  networks, 
analysis  of  the  large-signal  properties  of  MESFETs,  and  establishment  of  a 
large-signal  MESFET  equivalent  circuit  model.  The  large-signal  behavior  of  non¬ 
linear  two-port  networks  are  always  of  great  interest  to  circuit  designers.  A  new 
approach  was  developed  and  reported  in  this  dissertation,  which  has  overcome 
several  difficulties  encountered  by  earlier  methods. 

In  Chapter  II,  the  problem  of  describing  a  nonlinear  active  two-port  network 
was  discussed.  A  set  of  parameters  which  uniquely  describe  the  nonlinear  two- 
port  network  was  identified.  A  large-signal  characterization  technique  for  the 
nonlinear  two-port  networks  was  established.  The  measurement  system  con¬ 
sisted  of  two  network  analyzers,  a  desk-top  calculator,  and  other  necessary 
components  for  monitoring  and  leveling  the  test  signal  power  and  gathering  test 
results.  Computer  programs  were  developed  for  controlling  the  measurement  pro¬ 
cess  and  acquiring  the  measurement  data.  For  implementing  the  characterization 
process,  the  GaAs  MESFET  was  measured  for  its  large-signal  characteristics. 
The  design  and  characterization  of  the  MESFET  test  fixture  were  also  presented. 

The  MESFETs  were  measured  in  both  common  drain  and  common  source  con¬ 
figurations.  It  was  found  that  in  the  common  drain  configuration  both  the  gate 
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and  the  source  ports  were  active  over  a  wide  frequency  range.  This 
configuration  facilitates  the  design  of  independent  tuning  and  output  circuits  for 
oscillators.  It  is  also  ideal  for  wideband  VCO  applications  because  feedback  cir¬ 
cuits  are  not  necessary.  Therefore,  the  measurements  concentrated  on  large- 
signal  properties  of  common  drain  MESFETs. 

Device  characterization  was  made  from  7  to  1 3  GHz  at  1  -GHz  intervals.  The 
measurement  results  were  analyzed  for  common  drain  oscillator  applications  in 
Chapter  III.  Relationships  between  the  available  power  and  the  load  impedances 
at  both  ports  were  studied.  The  device  performance  as  a  VCO  was  also  investi¬ 
gated.  A  single-frequency  common  drain  MESFET  oscillator  was  built  to  verify  the 
measurement  results. 

A  large-signal  equivalent  circuit  model  of  the  MESFET  was  presented  in 
Chapter  IV.  It  was  found  that  the  gate  to  source  resistance  and  capacitance 
ano  the  transconductance  were  the  dominant  terms  contributing  to  the  nonlinear 
behavior  of  the  device.  The  values  of  these  three  elements  vs.  the  terminal  RF 
voltages  were  solved  by  using  the  measurement  results,  and  smooth  curves  were 
fitted  to  the  data.  The  device  performance  calculated  by  using  the  model  was 
shown  and  compared  to  the  measured  data. 

In  conclusion,  the  properties  of  nonlinear  active  two-port  networks  were 
successfully  characterized  by  the  measurement  technique  outlined  in  this  report. 
The  network  terminal  conditions  must  be  varied  during  the  course  of  the  meas¬ 
urement  to  characterize  the  network  under  various  excitation  levels.  To  achieve 
such  measurement  conditions,  it  is  necessary  to  use  two  coherent  test  signals. 

The  measurement  results  for  a  common  drain  MESFET  show  clearly  the 
single-frequency  nonlinearity  of  the  device.  With  the  presented  characterization 
technique,  the  device  performance  over  the  entire  operating  range  was  revealed, 


technique,  the  device  performance  over  the  entire  operating  range  was  revealed, 
providing  information  which  cannot  be  obtained  by  any  other  available 
measurement  method.  The  optimum  design  of  the  nonlinear  two-port  network 
then  can  be  achieved  by  using  this  data.  Once  accurate  measurement  data  are 
obtained,  the  device  model  can  be  established  easily  and  used  as  a  tool  for 
design  and  analysis  of  the  two-port  network. 

5.2.  Suggestions  for  Further  Study 

It  is  hoped  that  the  research  project  presented  here  will  pave  the  way  for 
further  study  in  several  areas.  One  example  is  to  use  this  large-signal  method  to 
characterize  the  harmonic  properties  of  nonlinear  two-port  networks,  such  as 
harmonic  frequency  combiners  and  frequency  multipliers.  These  networks  usually 
operate  at  the  fundamental  frequency  at  one  port  and  at  a  harmonic  frequency 
at  the  other.  It  is  extremely  difficult  to  measure  the  network  with  fundamental 
and  harmonic  frequencies  existing  at  the  same  time.  With  this  method  one  test 
signal  frequency  can  be  the  multiple  of  the  other,  thus  providing  a  solution  to  this 
problem. 

With  the  availability  of  new  high  power  desk-top  computers,  it  is  possible  to 
develop  a  measurement  system  to  search  for  optimum  operating  conditions 
automatically.  This  can  be  achieved  by  incorporating  an  optimizing  program  into 
the  measurement  program.  By  evaluating  the  measured  results,  the  optimizing 
program  can  predict  the  desired  test  signal  power  levels  and  phase  setting  for 
the  next  measurement.  This  process  is  then  repeated  until  the  optimum  operat¬ 
ing  condition  is  reached.  This  will  be  a  very  powerful  tool  to  determine  the 
optimum  operating  point  of  almost  any  nonlinear  two-port  network. 

All  the  large-signal  MESFET  models  available  are  either  derived  from  the 
device  physics  or  from  the  measurement  results.  Since  these  previous  targe- 
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signal  characterizations  were  made  under  restrictive  conditions,  models 
established  by  using  these  results  were  only  of  limited  application.  With  the  new 
two-port  characterization  technique  presented  in  this  report,  a  more  complete 
description  of  the  large-signal  device  properties  can  be  obtained.  It  is  hoped 
that  a  MESFET  model  using  both  the  device  physics  and  the  measurement  results 
could  be  developed.  By  closely  relating  the  device  physical  parameters  to  the 
device  performance,  it  will  not  only  provide  better  understanding  of  the  device 
but  also  reduce  the  amount  of  RF  measurements.  Furthermore,  accurate  large- 
signal  characterization  will  ensure  the  model  accuracy  over  the  entire  device 
operating  range. 


APPENDIX  A 


ADDITIONAL  EXPERIMENTAL  RESULTS  AT  8  TO  1 1  GHz 

The  measured  data  of  a  250-mW  rated  MESFET  were  analyzed  for 
performance  as  a  common  drain  oscillator  as  described  in  Chapter  III.  The  gate 
and  source  load  impedance  pairs  and  their  corresponding  source  output  power 
are  presented  in  this  appendix.  At  8  GHz,  the  measured  device  performance  for 
three  different  gate  loss  levels  of  0.5,  7.5,  and  10  0  are  shown  in  Figs.  A.1 
through  A.3,  respectively.  By  combining  the  maximum  output  power  curves  at  all 
different  gate  loss  levels,  a  graph  as  shown  in  Fig.  A.4  was  obtained. 

Measurement  results  at  9  GHz  were  sorted  and  curves  for  0.5-,  3-,  5-,  and 
10-0  gate  losses  are  shown  in  Figs.  A.5  through  A.8.  Figure  A.9  shows  a  total 
picture  of  the  device  performance  at  9  GHz.  For  10  GHz,  the  load  impedance 
pairs  and  their  corresponding  source  output  power  were  plotted  as  shown  in  Figs. 
A.10  through  A.1 4.  The  same  curves  for  data  obtained  at  1 1  GHz  are  shown  in 


Figs.  A.1 4  through  A.1 6. 
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APPENDIX  B 


MESFET  MODEL  ELEMENT  VALUES  AT  &  AND  9  GHz 


The  MESFET  equivalent  circuit  model  element  values  were  solved  at  three 
different  frequencies:  7,  8,  and  9  GHz.  The  values  for  each  nonlinear  element, 
i.e.,  the  gate  to  source  resistance  Rgs,  capacitance  Cgs,  and  transconductance 
gm  were  curve  fitted  as  functions  of  the  magnitude  of  the  gate  to  source  RF  vol¬ 
tage  |  Vgu  |  as  described  in  Chapter  IV.  Results  for  the  element  values  at  8  and  9 
GHz  are  presented  in  this  appendix.  Figures  B.1  and  B.2  show  the  values  of  Rgs 
and  Cgs  as  functions  of  |  Vgs  j ,  respectively,  while  gm  is  shown  in  Fig.  B.3.  The 
element  values  at  9  GHz  are  shown  in  Figs.  B.4  through  B.6. 
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Fig.  B.1  Curve  Fitted  Rgu  vs.  RF  Voltage  |  Vgs  |  at  8  GHz. 
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